A new approach is proposed to phenomenological study of a generic unified supergravity model, which reduces to the minimal supersymmetric standard model. The model is effectively parametrized in terms of five low energy observables. In consequence, it is easy to investigate systematically the parameter space of the model, allowed by the requirement of radiative electroweak symmetry breaking and by the present experimental limits.
Introduction
The "supergravity inspired" minimal supersymmetric standard model (MSSM) is an interesting laboratory for studying various phenomenological aspects of supersymmetry. In this model the soft supersymmetry breaking parameters of the low energy lagrangian are given, via the renormalization group (RG) evolution, in terms of the unification scale parameters. These are: the universal gaugino and scalar masses M o and m o , respectively, and the trilinear scalar coupling A o . Apart from the gauge and Yukawa couplings there are in the model two more free parameters: the Higgs superfield mixing mass µ o in the superpotential and the corresponding soft breaking parameter B o . The actual mechanism of the soft supersymmetry breaking (and the origin of the µ-term in the superpotential) are not yet understood theoretically. Although there are various theoretical suggestions with regard to the values of those parameters at the unification scale, they should be considered at present as free parameters of the model.
One of the most attractive features of the supergravity models is the possibility of radiatively induced gauge symmetry breaking [1] , which becomes manifest at the tree level after the RG evolution of the parameters of the lagrangian from the unification scale M X to the scale M Z . This way the hierarchy M Z /M X becomes related to the presence in nature of large Yukawa couplings. The minimal model supplemented by the requirement of radiative gauge symmetry breaking is a very predictive framework: with only 5 free mass parameters µ o , m o , M o , A o and B o (and the yet unknown top quark Yukawa coupling Y o t ), it interconnects 1) the SU(2) × U(1) gauge symmetry breaking with v=174 GeV, 2) the very constrained Higgs sector of the MSSM, 3) the sparticle mass spectrum and 4) the relic density of the lightest supersymmetric particle (LSP). In addition, it has recently been strongly reemphasized that the predictivity of the model is greatly enhanced by the requirement of no fine tuning of the parameters [2] . Indeed, the requirement that the M W,Z be within the measured value without fine tuning of the unification scale parameters strongly limits the magnitude of the supersymmetry breaking scale and, in consequence, of the sparticle masses.
In spite of the large number of papers devoted to the model, its analysis is not yet fully satisfactory (for a complete list of earlier references we refer the reader to the ref. [3] ). Its full parameter space has not been systematically explored yet. Secondly, it has recently been understood that radiative corrections originating from the combined effect of large Yukawa couplings and particle-sparticle mass splitting have important effects on the mechanism of radiatively induced SU(2) × U(1) symmetry breaking [4] and on the Higgs sector [5] . In consequence, one may expect important modifications in the predictions of the model.
There are two main points in our strategy in this paper. Firstly, we set up the formalism to explore the full parameter space of the model. Our formalism is based on the bottom to top approach whose essence is as follows: we choose a set of values for 5 low energy physical parameters, and then look for the set of parameters at the unification scale M X which induces radiative gauge symmetry breaking and gives the chosen low energy values. Thus, we reverse the standard procedure which is to find the low energy parameters corresponding to a given set of the boundary conditions at the unification scale. This way we can systematically study the phenomenology of the "supergravity inspired" MSSM compatible with the idea of radiatively induced symmetry breaking, with no additional assumptions (apart from their universality) about the values (and their correlation) of the parameters at M X (for which we have little theoretical insight). In this approach it is straightforward to implement all the experimental constraints on the low energy parameters and to discuss systematically the correlations between physical observables, which are predicted by the model. Effectively, the model is now parametrized by five low energy physical parameters. We would also like to stress that our approach is readily extendable to non-minimal supergravity models, which do not assume the universality of the soft supersymmetry breaking terms at the scale M X , provided more than five low energy physical parameters is used as input. Once some sparticles are discovered and their masses known, such an extension will allow for a model independent study of the parameter space at the unification scale.
Secondly, we consistently include radiative corrections generated by large Yukawa couplings and particle-sparticle mass splitting. To this end, we use the RG equations for all parameters of the potential with heavy sparticles decoupled at their thresholds. In the context of radiative breaking of the SU(2) × U(1) symmetry this technique has already been advocated in ref. [6] . It has also been used to study similar corrections to the Higgs sector in the MSSM and found to be quite accurate [7] . In this paper we use the RG equations of ref. [6] with squarks and gluinos decoupled at M SU SY (the precise definition of this scale will be discussed in Section 2). Radiative corrections generated by the other sparticle-particle mass splitting are small and can be neglected.
The question about the role of the large radiative corrections in the phenomenological analysis of the model has already been given some attention in the literature (see ref. [3] and references therein). However, to our knowledge, no fully consistent treatment of such corrections at the 1-loop level, simultaneously in all four sectors mentioned above, exists yet. Their full impact on the phenomenology of the model has become easy to explore only within our bottom to top approach.
The paper is organized as follows: In the next Section we present the details of our approach. Section 3 is devoted to a qualitative discussion of those predictions of the model which follow from the requirement of radiative gauge symmetry breaking. In Section 4 we discuss the problem of fine tuning of the parameters and emphasize the role of radiative corrections in sizably diminishing the degree of fine tuning. In Section 5 we present our results, after imposing the presently available experimental constraints. Finally, Section 6 contains a very brief discussion of the large tan β scenario and a summary of this work is given in Section 7.
The Bottom-Up Approach
The details of our procedure are as follows. We begin with choosing, in addition to the "experimentally" known quantities U are the soft (low energy) mass parameters of the squarks of the third generation. The physical squark masses are eigenvalues of the mass matrix. For the bottom to top approach this is the most economical choice of the low energy input parameters: M Z , tan β and M A are directly related to the parameters of the tree level potential and the squark mass parameters determine the magnitude of the dominant radiative corrections to the scalar quartic couplings. So they must be fixed anyway at the begining of the analysis. To proceed further we have to discuss in some detail the unification of gauge and Yukawa couplings.
Unification of gauge and Yukawa couplings
The analysis of the unification of couplings in the MSSM have been addressed in a number of papers [8] , with the most recent and thorough discussion given in ref. [9, 10] . At the 2-loop level, the RG equations for the gauge and Yukawa couplings are a coupled set of equations. However, in the calculation of the gauge couplings, it is a very good approximation to set the top quark Yukawa coupling to be constant [9] (for tan β ≈ m t /m b , the b-quark Yukawa coupling is as large as the t-quark coupling and the same procedure must be applied to both of them). Then the effect of the Yukawa couplings on the running of α i is realized as a negative correction to the 1-loop coefficients b i 's (which is, anyway, small; see below). Effectively, for some chosen value of Y t , we can first discuss the gauge coupling unification. Starting from the experimental values for α EM (M Z ) and sin 2 θ W (M Z ), we use the unification conditions to predict the values of the running strong coupling constant α 3 (Q) and the unification scale M X (for the purpose of this paper we neglect the experimental uncertainity in the determination of sin 2 θ W ). After the inclusion of the 1-loop threshold corrections coming from the supersymmetric particles, we obtain for each gauge coupling the relation
where γ i contains the 2-loop contributions to the beta functions, and
is the 1-loop threshold correction to 1/α i (Q). The summation is over all sparticle and heavy Higgs doublet states with masses above Q; b η i is the contribution of each of those particles to the 1-loop beta function coefficient of the gauge coupling α i (when solving the RG equations at the 2-loop level, it is sufficient to consider threshold corrections at the 1-loop level). The ∆ i includes the threshold correction related to the top quark mass and the effect of the Y t on the running of α i . The importance of various terms in eq. (2.3) can be illustrated by considering their contribution to the value of α 3 (M Z ), obtained from the unification conditions. It is well known that the 2-loop corrections γ i give ∼10% increase in the value of α 3 (M Z ) as compared to the 1-loop result and must be included into the analysis. The 2-loop top quark Yukawa coupling corrections to α 3 (M Z ), included in ∆ i 's, give −0.001, − 0.0015, − 0.002, −0.003 for Y 2 t (M X )/4π ≃ 0.1, 0.2, 0.4, 1.0, respectively [10] and the top quark threshold correction is even smaller, (and of opposite sign) or at most similar, for M t < 200 GeV [9] . Altogether, for the range of the top quark masses and Yukawa couplings considered in this paper, those corrections do not exceed (1-2)% and we neglect them in our analysis.
The contribution of the sparticle thresholds to 1/α 3 (M Z ) can be effectively parametrized in terms of only one parameter T SU SY as follows:
where the scale T SU SY has the obvious interpretation in the (unrealistic) case of the fully degenerate sparticle spectrum: it is just the common mass of all the sparticles. Notice that, in this case, a non-zero threshold corrections to 1/α i (M Z ) are present only if T SU SY > M Z and, in consequence, the contribution (2.5) implies a decrease in the value of α 3 (M Z ).
In the realistic case, in the presence of sparticle mass splitting, and in the approximation in which one neglects the effects of the electroweak symmetry breaking on the sparticle masses, i.e. assuming no mixing, the scale T SU SY reads [10] : (2.6) where mq, mg, ml, mW , mH and m H are the characteristic masses of the squarks, gluinos, sleptons, electroweak gauginos, Higgsinos and the heavy Higgs doublet, respectively. Here we have assumed that all the sparticle masses are larger than M Z (in the approximation of no mixing); if any sparticle mass is smaller then M Z , it should be replaced by M Z when applying eq. (2.6) . It is obvious that T SU SY depends strongly only on the first two factors and in the model under investigation, with gaugino masses coming from a common supersymmetry breaking scale M o at M X , T SU SY is well approximated by [10] :
Clearly, unless the Higgs mixing parameter in the superpotential µ > 600 GeV, the effective scale T SU SY < M Z and the sparticle threshold corrections tend to increase the value of α 3 . As it will be discussed later on, large values of µ are less natural and the most interesting range is 100 GeV < µ < 600 GeV. Therefore, for our model, the typical values are 15 GeV < T SU SY < M Z . The corresponding values of α 3 (M Z ) obtaind from the unification condition vary from α 3 (M Z ) = 0.123 for T SU SY = M Z (i.e. effectively, threshold corrections to α 3 (M Z ) cancell out) to α 3 (M Z ) = 0.127 for T SU SY = 15 GeV (this case can be realized in practice e.g. by decoupling the colour sparticles in the RG equations for α i 's at m col ≈ 3M Z and the remaining sparticles at M Z (see eq, (2.6))). Experimentally, α 3 (M Z ) is poorly determined and, conservatively, any value in the range (0.12±0.01) is still acceptable. We see from the above discussion that the sparticle spectra predicted by the model push us into the upper range of values for α 3 (M Z ), unless we take less natural solutions. Of course, for full consistency, one should take care of the fact that the threshold corrections correlate the value of α 3 with the specific solution obtained for the parameters of the model (µ in particular) which, in turn, slightly depend on the value of α 3 (M Z ). However, there is an inherent uncertainity in the theoretical prediction for α 3 (M Z ) which follows from the unknown contributions from the thresholds at the unification scale and from the higher dimension operators which are likely to be as important as the dependence on T SU SY [9] . Therefore, in this paper we take T SU SY = M Z and use for the gauge couplings the supersymmetric RG equations down to the scale M Z . This gives α 3 (M Z ) = 0.123, close to the central experimental value. For the unification scale we get M X ∼ = 2.4 × 10 16 GeV. Once the running of the gauge couplings is determined, we can proceed with the determination of the top, bottom and τ Yukawa couplings in the whole range (M Z , M X ). In our procedure the Y τ and Y t at M Z are fixed by the values of the physical τ mass M τ and the chosen physical top quark mass M t and the value of tan β. The running mass m t (M t ) is related to the physical mass (defined as the pole of the propagator) by the following 1-loop formula [11] :
For the running of m t (M t ) down to M Z we use the 2-loop RG equations of the MSSM and we obtain For consistency with the RG equations for the gauge couplings we use the supersymmetric RG equations for the Yukawa couplings in the whole range (M Z , M X ). Indeed, it has recently been shown [10] that the same effective scale, T SU SY , governs the supersymmetric particle threshold corrections to the gauge and Yukawa couplings.
The reason for taking the top and not the bottom mass as the input parameter is as follows: as soon as the top quark is discovered, its mass will be known with good precision whereas the physical bottom mass is not directly accessible to experiment and its value will remain very uncertain and model dependent. In this paper we present the results for the following sets of (M t , tan β) values: a) 130, 2, b) 130, 10, c) 180, 2, d) 180, 30, e) 130, 31 and f) 180, 51 (all masses given in GeV). It is interesting to comment on the predictions for the bottom quark mass obtained in each of those cases. They are summarized below: As said above, the physical bottom mass is a poorly known quantity but, still, following the particle data book it is expected to be in the range, say
We see that the conditions of the gauge coupling unification and of the unification of the bottom and τ Yukawa couplings result in too large a value of the M b , for moderately heavy top quark. It is so because the large value of α 3 (M Z ) (∼ 0.12) gives too much of a strong correction to the running of m b (M X ) = m τ (M X ), which has to be partly cancelled out by large, negative contribution from the top quark Yukawa coupling. In consequence, as discussed in detail in ref. [10] , in this supersymmetric grand unification scenario, the value of M b in the range (2.9) implies the top quark mass remarkably close to its quasi infrared fixed point value associated with the "traviality" bounds on the top Yukawa coupling. A top quark mass M t ≈ 130 − 140 GeV happens to be close to its infrared fixed point (i.e. consistent with (2.9)) only for values of tan β close to one, or very large values of tan β, tan β ≥ m t (m t )/m b (m t ), above the value for which the unification of the three Yukawa couplings,
Those values of tan β are the lower and upper (or even exeeding it) limits, respectively, for which radiative gauge symmetry breaking can be realized in the model and, at best, at the expense of a rapidly increasing fine-tuning of the parameters (to be discussed later on). The situation is different for M t ∼ (180 − 190) GeV, which corresponds to its quasi infrared fixed point value for a large range of tan β values.
In summary, exact unification of gauge and τ and the bottom Yukawa couplings in the MSSM, together with the range (2.9) for the bottom mass, imply that M t < 180 GeV can be realized only for tan β ≈ 1 or tan β ≈ m t (m t )/m b (m t ), i.e. for values for which the mechanism of radiative gauge symmetry breaking can be realized only at the expense of a large amount of fine-tuning (or, in some cases not realized at all). From this point of view, the values M t > 180 GeV look more natural in the model. However, one should remember that the exact unification of couplings may be subject to the high energy threshold and higher dimension operator corrections, which can modify the above strong conclusions. This is true for both the gauge coupling and the τ and bottom Yukawa coupling unification condition. For instance, if α 3 (M Z ) is smaller by ∆ = −0.006 (the maximum magnitude of the high energy corrections, estimated in ref. [9] ) then we get the following results: The above examples illustrate the order of magnitude of the corrections to the exact unification conditions, which are necessary to make moderate values of the top quark mass and tan β compatible with the range of values (2.9) for the physical bottom mass.
In view of all the uncertainities discussed above, in this paper we present the results for all cases (a -f), with the gauge and Yukawa couplings fixed by the exact unification condition. Even in the presence in some of those cases of the likely inconsistency with the experimental value in the predicted bottom quark mass, this is a useful exercise since it allows to discuss interesting correlations present in the model, as a function of M t and tan β. Moreover, modifications to α 3 (M Z ) and/or to the relation Y τ (M X ) = Y b (M X ), which are sufficient to bring down the value of M b into the range (2.9), have only little impact on the rest of our results.
Determination of the parameters in the Higgs potential
After those preliminaries we are now able to fix all the parameters in the Higgs potential at the scale M Z V =m 2.10) in terms of the values taken for the set (2.1) and (2. However, before we proceed further, it is useful to recall the conventional approach to radiative SU(2) × U(1) breaking. It makes use of the renormalization group improved tree-level potential evaluated at a renormalization scale Q ∼ M Z . The running parameters in the potential, which are functions of the renormalization point Q, can be evaluated for any Q by solving the standard supersymmetric RG equations (written in the Landau gauge and in the (mass-independent) modified minimal subtraction scheme, MS) with some universal boundary conditions at the scale M X . For Q ∼ M Z , those RG equations sum up all the large logarithmic corrections proportional to ln(M X /Q), which are reabsorbed in the running parameters of the potential (2.10). Due to the supersymmetric structure of the RG equations the tree-level potential maintains its supersymmetric form at any Q. Therefore, also at M Z , the parameters satisfy the supersymmetric relations:
This procedure neglects radiative corrections generated by the soft supersymmetry breaking (i.e. neglects logarithmic corrections of the type ln(m stop /Q)), which are proportional to large Yukawa couplings and as we know now, can be very important and are of our concern here. One of the well known consequences is that the minimum of the tree-level potential is very sensitive to the choice of the renormalization scale Q. The choice Q = M Z gives, in general, unreliable results. The reason is that the loop correction ∆V 1 (M Z ) to the potential is not necessarily small. 3 This has been demonstrated explicitly [4] : the sum V o (Q) + ∆V 1 (Q) is indeed scale-independent, up to 2-loop corrections which turn out to be small. For the sake of easy reference we give in the Appendix the 1-loop corrections to the parameters of (2.10): ∆m 2 i (Q) and ∆λ i (Q) (calculated in the symmetric phase [6] i.e. before SU(2) × U(1) breaking) generated by the squark loops. This is the dominant part of the entire 1-loop contribution to the effective potential.
For our purpose, the inconvenience of this approach is that one cannot work directly with the tree-level potential (2.10) and therefore the relations between the physical low energy parameters and the unification scale initial conditions are complicated. Fortunately, there exists the well-known equivalent method of including radiative corrections in question, which is based on the Appelquist-Carazzone decoupling theorem. This is the tool to absorb in the running parameters of the tree-level potential (2.10) also the corrections generated by the particle-sparticle mass splitting. The main source of large corrections is in this case the top-stop splitting. At this point one should stress that sparticle thresholds contribute differently to different quantities and the dominant corrections to the scalar potential have different origin than the corrections to the gauge couplings. Therefore, to a very good approximation, the running parameters in (2.10) at the scale M Z can be related to their initial values at the unification scale by solving the RG equations in two steps: the supersymmetric equations in the range (M SU SY , M X ) and the RG equations with squarks and gluinos decoupled [6] at the common scale M SU SY , in the range (M Z , M SU SY ). 4 By decoupling squarks at M SU SY chosen to be equal to the low energy squark soft mass parameters one reabsorbes the logarithmic parts of the corrections (A.7) to (A.16) (in the approximation m
and, of course, also higher order leading logarithmic corrections, into the running parameters of the potential (2.10). As long as we work in the region (M Z , M SU SY ) with the 1-loop RG equations, this is a consistent approximation: all non-logarithmic corrections in eqs. (A.7-A.16 ) are formally the effects of the same order as the neglected 2-loop effects in the RG equations. However, earlier results [4] strongly indicate that the former are much more important than the latter. In particular, as discussed earlier, they are important for the potential to be renormalization scale independent (in our case, this means, independent of the choice of M SU SY in a reasonable range around the soft squark masses). Also, it is known that the 2-loop effects in the RG equations for the evolution of the quartic couplings are very small [12] . Therefore, in this paper we include also the non-logarithmic part of the 1-loop corrections (A.7-A.16 ) by properly choosing the matching conditions for the parameters m and λ i at M SU SY . More specifically, we fix the scale M SU SY so that the contribution (A.8a) to ∆m 5 The technical way of implementing the discontinuous matching conditions for m 2 i 's is discussed after eq. (2.17) . After the decoupling of the sparticles the largest 1-loop corrections to the tree level potential obtained after the evolution are given by the top quark loops. The top quark should therefore be decoupled at Λ top chosen to minimize those 1-loop corrections to the vevs v i :
where
The mass difference between the third and the remaining two generations of squarks can be neglected as the latter contribute little, due to the small Yukawa couplings. Gluino mass is, in most cases, close to the squark masses. The other sparticles are kept in the spectrum down to M Z . The reason for using in this paper the RG equations with only squarks and gluinos decoupled is that, on the one side, radiative corrections to the scalar potential from the other sparticles are very small and, on the other side, we want to analyze the light sparticle spectrum predicted by the model. However, as far the scalar potential is concerned, very similar results are obtained by using below M SUSY the RG equations of the standard model with two Higgs doublets. 5 We neglect the part (A.7a) of ∆m We get then Λ top ∼ M t / √ e and for the interesting range of the top quark masses we can use the approximation Λ top ≈ M Z . Thus, by the RG evolution in the range (M Z , M SU SY ) one reabsorbes in the tree level parameters the remaining large corrections to the potential.
Bottom-up approach
The procedures outlined above are used at two different stages of our approach. First, we come back to the problem of fixing all the parameters in the Higgs potential (2.10) at the scale M Z in terms of the values taken for the set (2.1) and (2.2) and use this procedure to obtain the couplings λ i (M Z ) from their boundary conditions (2.11) at
as their RG evolution depends on the Yukawa couplings. Given the values of λ i (M Z ) we obtain them
by minimizing the potential (2.10) 6 . The relevant formulae can be found eg. in ref. [13] and, for easy reference, are collected in the Appendix A.
The second stage of our approach consists in finding the soft supersymmetry breaking parameters m o , M o , A o , B o and the parameter µ o at the M X which give radiatively induced spontaneous gauge symmetry breaking with the chosen set of values for the low energy observables (2.1) and (2.2) . To this end, we notice that in both regions (M Z , M SU SY ) [20] and (M SU SY , M X ) [6] the RG equations for the soft Higgs and gaugino mass parameters as well as for the trilinear couplings A i 's can be schematically written as follows (t =
(The equation form 2 3 will be discussed later. Note that the parameter B appears only in the equation form 
(where eg. A i A j denote all possible products of A i 's present in the model and similarly for the other quantities) and using eqs. (2.12) one has 
where T means chronological ordering in case of non-commuting operatorsĈ(t). In view of the boundary conditions at M X :
the solution (2.14) can be written more explicitly as 7 (we recall thatm
The coefficients c ij and b Thus, we have a set of 4 algebraic equations for 4 independent parameters
(as before, the coefficients d i are calculated from the RG equations). At this point we can complete our discussion of implementing the matching conditions for ∆m 2 i at M SU SY . All the terms (A.7b), (A.8b) and (A.9) are proportional to the parameters µ and A i taken at M SU SY . It follows from the eqs. (2.12) that, analogously to (2.15),
and, therefore, the corrections ∆m 2 i have identical structure in terms of the unification scale parameters as the m 2 i 's themselves. So, their inclusion amounts to some modification of the coefficients c ij and b j Q,U in the eq. (2.15) and (2.16). Our procedure is now completed and can be summarized as follows: for any chosen set of values for the physical parameters (2.2) we find the corresponding low energy parameters of the effective lagrangian and then solve the algebraic equations (2.15), (2.16) and (2.17) to find the lagrangian parameters at M X which give those chosen values of tan β, M A , m 2 Q and m 2 U . We note that for each set (2.2) there are up to 8 solutions for the parameters at M X : the sign of m o is taken to be positive by convention (the lagrangian is symmetric under an overall change of sign of all soft breaking terms) but the solutions appear in pairs of ±M o and ±µ o (the solutions e.g. for M o < 0 are the same as the solutions for M o > 0 and the reversed signs of all parameters, with exception of m o ). The remaining two-fold ambiguity follows from the fact that the set (2.15-2.16 ) is equivalent to a quadratic equation for the ratio A o /M o . This overall eight-fold ambiguity is simply a reflection of the fact that the set (2.2) is not a complete set of observables in the model: different solutions give different prediction for other observables. Finally, one should stress that for a given set of values for the observables (2.2) our equations may have no solution at all. This is, in fact, the most often encountered case for a random choice of the values (2.2) and it simply means that the given set cannot be obtained in the model. Our procedure in this paper is to fix M t and tan β and then to scan systematically the values of M A , m Finally, we impose on the obtained solutions the "no fine tuning" constraint and all the presently available experimental constraints.
Qualitative Features of the Solutions
In this section we discuss those properties of our solutions which follow from the requirement of radiatively induced gauge symmetry breaking alone. We also include the constraint of all masses squared to be positive and the usual one of no deeper lying minima of the scalar potential that break charge and/or colour [15] :
2 ) and similarly for the remaining A i 's at low energy, as well as the analogous condition at the unification scale. Finally, we demand that the scalar potential should be bounded from below at the scale M X .
The "naturalness" constraint and the constraints from the present experimental limits will be discussed in the next sections. As an introduction to our results let us recall certain properties of the low energy potential (2.10). One can verify that radiative corrections stabilize the potential [6, 14] . So, the low energy mass parameterŝ m i , i=1,2,3, which correspond to the chosen values of tan β and M A , do not need, in general, to satisfy at M Z the well known stability condition for the supersymmetric tree level potential:m Table 1 . Of special interest is their dependence on the top quark mass, tan β and their modification by radiative corrections. A remark is in order here: it is the usual procedure followed by many authors to solve the supersymmetric RG analytically in some approximation. We could, of course, follow the same approach here to calculate the coefficients in eq. (2.15) and (2.16) . However, the approximations involved in this procedure make it very difficult, if not impossible, to discuss the most interesting, just mentioned, dependences. Therefore, we prefer to base our discussion on numerical results, guided by general qualitative features which can be inferred directly from the RG equations. Let us first look atm 
and this strong dependence on M . Naively a second order effect, it is in fact the dominant one due to the large logarithmic enhancements (and the running of M 3 ) and it plays an important role in understanding our results. In particular it explains strong dependence of the M o coefficient, due to the earlier decoupling of the gluino term in eq. (3.1) . This behaviour has also important implications for the fine tuning problem (to be discussed in the next section) before and after radiative corrections. Indeed, in our formalism, neglecting 8 Another way of seeing this is to remember that the driving force for the difference in the m 1 to assure the existence of solutions [16] . The dependence on M t (for fixed tan β) can be easily understood in a similar way, and follows from changing Y t . (We note also the decrease of the µ 2 o coefficients with increasing Y t ).
Generically, the mass parameters of the low energy potential satisfy the relation m Table 1 has to be made here. In this section we refer to all the solutions shown in the Figures. The distinction between experimentally excluded or allowed and natural or unnatural solutions (which is marked in the Figures) will be discussed in the subsequent sections. The dependence of the (M 2 , µ) correlation on tan β and M t follows directly from the discussed above properties of the coefficients and in the first, crude, approximation is just the reflection of the changing slope a in M 2 o ≈ aµ 2 o . The correlation (M 2 , µ) has direct consequence for the predicted neutralino properties. It is well known [17] , and follows directly from the structure of the gaugino-higgsino mass matrix, that in the limit of large M 2 ≫ µ the lightest neutralino becomes almost pure higgsino with M n = |µ| and in the limit of large µ ≫ M 2 -pure gaugino with M n ≈ M 2 /2. The pattern observed in the (M 2 , µ) plane explains qualitatively the results shown in Fig. 7 . We plot there the gaugino content Z n = Z 2 (1, 1) + Z 2 (1, 2) of the lightest neutralino as a function of the neutralino mass, as predicted by our solutions. (As usual we define
where Z(i, j) is the real orthogonal matrix that diagonalizes the neutralino mass matrix.) In particular, the M t and tan β dependence of those results is easily interpretable in terms of the analogous dependence of the (M 2 , µ) correlation.
The above simple discussion breaks down and a new feature of our solutions becomes visible for the values of M t and tan β such that the coefficient of the M Another interesting correlation present in the model is seen in the (mt, M o ) plane (mt is the mass of the lightest squark), as illustrated in Fig. 10 . It follows from the structure of eq. (3.3) and from the qualitative features of the coefficients shown in Table 1 : the mt is almost directly related to M o 9 . One can also expect some correlation in the (mt, M A ) plane. As explained above, M o is correlated with µ o (up to the contribution of the m o and A o terms) and therefore M 2 A ∼ =m 2 1 should be correlated with mt. However, as seen from Fig. 12 , the dependence on the additional parameters makes the final correlation rather weak. An obvious correlation exists between m τ and the m o , Fig. 11 . The qualitative difference between Fig. 11A , C and Fig. 11 B, D is due to the negative contribution of the Y b term to the RG equation for mτ , which is increasing for large tan β.
In Fig.1-4 we also show our solutions in the planes ( Table 1 ) and two branches of solutions exist, corresponding to the two solution with µ = ±|µ|, and with the gap depending on the value ofm 2 3 . Only weak correlation is observed in the (m o , M o ) plane. Obviously, it will be very interesting to study correlations in 3 and more variables.
So far we have been discussing the qualitative features of the predictions based on the solutions to eqs.(2.15), (2.16) and (2.17), i.e. following from the requirement of radiatively induced gauge symmetry breaking. In the next two sections we impose two additional constraints: no fine tuning and the present experimental limits.
Fine Tuning
The basic feature of the model is to predict the low energy parameters in terms of the unification scale parameters which, hopefully, can be obtained in future from some underlying theory. This procedure involves extrapolations of many orders of magnitude in the energy scale. In this context it is important to address the question of the degree of fine tuning of the parameters at M X which is necessary to get the correct low energy results. Precise values of the input parameters do not, by themselves, mean fine tuning yet. Only when the precision we need for the input parameters is much higher than the precision we require for the low energy results, it means fine tuning. In other words it is the question of response in the low energy results Q i to small changes in the high energy input P j , which is measured by [2] 
Equivalently this is also a measure of cancellations in equations like (2.15): for instance, calculating the mass parametersm 2 i in the low energy lagrangian in terms of the high energy parameters P i (using the coefficients like those in Table 1 ) the single terms on the rhs should not be much larger than the calculated masses. To some extent it is a matter of taste how big cancellations (i.e. how big ∆ ij 's) are still tolerable. The coefficients c ij in eqs. (2.15)-(2.17) depend on large logaritms ln M X /M Z ∼ = 0(30), so we take here the attitude that cancellations of this order of magnitude are still "natural".
Our actual interest is to avoid fine tuning when calculating the physical quantities like M Z (or v), tan β, M t , etc. So we look for solutions with acceptable all the following derivatives
We shall consider a solution to be "natural" if
where, following the arguments given above, we sort the solutions according to A = 10, 30 and no constraint on |∆ ij |. It turns out, however, that in the range of the low energy parameters studied in this paper, M A , m Q , m U < 1 T eV almost all solutions satisfy |∆ ij | < 100 (for moderate values of tan β discussed here).
For given values of v and tan β the constraints (4.3) mean upper limits on the unification scale parameters, or equivalently, upper limits on M A and the stop masses for which "natural" solutions exists. In general, it is difficult to avoid large cancellations simultaneously in all the low energy mass parameters.
There are two main effects which ease the problem of fine tuning after radiative corrections. These are: increase of the absolute value ofm 1, 5, 7, 12 (by the solid contours) the "natural" regions, for A = 30, obtained without radiative corrections. One should also remark that for A = 10 the allowed parameter space of the model is small even with radiative corrections included. The fine tuning problem becomes more severe for tan β close to 1 and to m t /m b , i.e. close to the limits of the tan β range obtainable in this model. Solutions for the large tan β case will be discussed in more detail in Section 6.
A comment is in order here on our method of calculating derivatives ∂Q i /∂P j with P k fixed, for k = j. Note that the coefficients c ij in eqs. (2.15)-(2.16) are fixed for given values of the low energy parameters (in particular they depend on the decoupling point which is fixed in terms of the low energy squark mass parameters). Thus, it is straightforward for us to calculate the inverse matrix ∂P j /∂Q i , Q k fixed for, k = i, and to find by inversion the matrix of interest. The direct calculation of the latter is in our approach cumbersome because fixing the unification scale parameters rather then the low energy parameters makes the coefficient c ij dependent on them (the decoupling point depends then on P i 's). Thus, we calculate:
Note, that to get the correct answer for the lhs derivatives one has to calculate the complete matrix on the rhs. Most often, the largest derivatives are those of the v with respect to Y t , µ o and A o and of tan β with respect to B o , m o , A o and Y t . Finally, one should remark that in eq. (4.2) we consider only the parameters which are used in the calculation as independent input parameters. It also happens that the derivatives of some other physical quantities (e.g. sparticle masses), taken with respect to the high energy set P i , become large, even when ∆ ij 's defined in eq. (4.2) are small.
Experimental Constraints and Final Results
Let us recapitulate our procedure: For some chosen values of the low energy physical parameters M t , tan β, M A , m Q and m U (see eq. (2.2)) we look for solutions to eqs. (2.15)- (2.17) . These are the equations for the unification scale parameters, derived from the requirement of radiatively induced gauge symmetry breaking in the minimal supergravity model. The existence (non-existence) of solutions for a given set of input values means that this particular set can (cannot) be realized in the model. In this paper we present results for a few generic top mass and tan β values: M t = 130 GeV and tan β = 2 and 10; M t = 180 GeV and tan β = 2 and 30. In the next Section we discuss very large tan β cases: tan β ≈ m t /m b . In each case the M A , m Q and m U have been scanned in the region from 0 to 1 TeV in steps of a few GeV. Once some solutions for the unification scale parameters are found we can predict the values of any other low energy observables, corresponding in the model to our set of input data. We present our results in form of the scatter plots obtained by our scanning procedure. In this paper we limit ourselves to two-dimensional scatter plots, but multi-dimensional correlations are also of interest. In Fig. 1-4 we present our solutions in the unification scale variables For the purpose of this paper we have taken the following "experimental" limits as the constraints for our solutions:
(for M n < 45 GeV) (for M n 1 + M n 2 < 45 GeV) mq > 100 GeV (for the first two generations of squarks), mt > 45 GeV, M A > 40 GeV.
(5.1) Some of the above limits are somewhat rough representation of the actual experimental data. In particular, strictly speaking, at present there is no absolute lower limit on the stop mass [18] . The bounds from pp colliders do not apply to it; those bounds assume degenerate squarks and this assumption fails for strong L-R mixing of thet-squarks. Also searches at the e + e − colliders are affected since the L-R mixing can reduce the Zt 1t1 coupling 10 . In the model considered, each solution gives definite predictions for mass mixings and couplings and in principle a more detailed phenomenological analysis with respect to the constraints from the present pp and e + e − data is possible for each solution. We postpone it, however, for future study and take (5.1) as sufficient for our discussion here.
As it has already been mentioned several times, the model shows a high degree of correlation among various physical quantities which results from the small number of free parameters. We have discussed in Section 3 that a number of correlations follows from the requirement of radiatively induced gauge symmetry breaking. We can add now to this discussion some remarks following from the fine tuning and the experimental constraints. As expected, the larger the values of the high energy parameters the more fine tuning is required (see Fig. 1-4 At the quantitative level, the predictions of the model show strong dependence on the top quark mass, tan β and on the inclusion of the radiative corrections. For a detailed survey of the predictions for the physical (low energy) observables we refer the reader to Fig. 5-12 . Here we would like to stress again the interesting correlations between M 2 and µ, between M t and Z n (the gaugino content of the lightest neutralino), tan β and Z n , Z n and M n , mt and M A etc. Similarly to the requirement of radiative gauge symmetry breaking, the experimental constraints (5.1) have "global" effects, i.e. each individual constraint affects not only this concrete quantity but also all the others through the rigid structure of the model. An interesting example is the interplay of the experimental lower bounds on the gluino, chargino and neutralino masses. In the model the three masses are interconnected by the parameters M 2 (or M o ), µ and tan β and it varies from case to case which experimental bound is most operative in fixing e.g. the effective lower bound for the neutralino mass. For neutralinos with large higgsino content (µ small, M 2 large), i.e. with large coupling to the Z, the LEP data give directly M n > 45 GeV. For gaugino-like neutralinos (M 2 small, µ large) the bound on M n ≈ M 2 /2 follows from the bound on the gluino mass (M 2 ≈ 0.3 mg > 40 GeV) or from the LEP bound on the chargino mass (for M 2 ≪ µ and µ > M W one has M c ∼ M 2 ). More precise numbers follow from the well known complete chargino and neutralino mass matrices 10 Similar remark applies also to stau leptons. and depend on the actual values of the parameters in the given case. As seen e.g. in Fig. 7 , the lower bound for M n is indeed in the range (20-50) GeV, depending on M t and tan β.
Another interesting example is the effective lower limit for the pseudoscalar mass M A . We have taken M A > 40 GeV as the experimental lower limit for M A but, as seen e.g. in Fig. 6,8 and 12 , the effective bound (which follows from the other constraints (5.1) Table  1 ). Therefore, small M For larger values of M t and tan β (e.g. M t = 180 GeV and tan β = 30) the coefficients inm cannot cancel each other and we again get the effective lower limit on M A higher then the present experimental lower limit. Also note that similar arguments explain the correlation between light neutralinos, with large gaugino content, and heavy pseudoscalars which is observed for M t = 180 GeV.
For even larger values of tan β the situation again looks differently: as will be discussed in more detail in the next section, for tan β ≈ m t /m b all the coefficients in the expression form is responsible for most of the structure which follows from the mechanism of the symmetry breaking alone. The lower limit on M A is an example of its interplay with experimental constraints, for changing values of M t and tan β.
In Table 2 we present several examples of the generic sparticle spectra obtained in this model. In Table 3 we also give results obtained with and without inclusion of radiative corrections for the same sets of the input parameters. We see that the difference between the two sets can be very important.
Solutions for Large tan β
It has been discussed for some time [21] that the observed pattern of the quark masses, namely strong isotopic spin symmetry breaking in the third generation electroweak doublet, can be understood as the property of the vacuum. In models with two (or more Higgs doublets) such that two different vevs v 1 and v 2 are driving the down -and up -quark masses, it is conceivable that tan β ≡ v 2 /v 1 ∼ = m t /m b , with the top and bottom Yukawa couplings (almost) equal. Such a scenario is particularly interesting in the context of supersymmetric grand unified models (they require at least two Higgs doublets in the low energy effective lagrangian) which, if based on the groups SO(10) or E 6 with simple Higgs structure, predict Y t = Y b at the unification scale. This scenario has recently been strongly advocated in a detailed study of the fermion mass and mixing textures [22] . An interesting question is whether the minimum of the potential with large tan β can be obtained by radiative gauge symmetry breaking. The answer to this question is indeed positive, as shown for the first time in ref. [16] and subsequently investigated in a number of papers [19] . Our bottom to top approach is particularly suitable for a systematic search for large tan β solutions and a study of their low energy properties. A sample of such solutions is shown in Fig. 14-17 11 and a sizable amount of fine tuning to solve those equations.
The above example illustrates several other points typical for the large tan β scenario. These are:m o tend to cancel each other. Therefore, the arguments of the previous Section do not apply: large tan β solutions in general give light pseudoscalar Higgs bosons and a much heavier spectrum for squarks and gluinos.
Another point is thatm 2 3 ≈ 0 can be realized in two different ways: small µ o or cancellations between the three terms. It is the latter possibility which is chosen by most of the solutions. Finally, we stress that large tan β solutions are particularly sensitive to radiative corrections included in our calculation.
In conclusion, large tan β scenario is compatible with radiative gauge symmetry breaking, although the exact equality Y o t = Y o b can be achieved only at the expense of very strong fine tuning. On the other hand, allowing for, say, (5-10)% difference in the two Yukawa couplings at M X brings the necessary degree of fine tuning into acceptable range. It is quite possible that such difference is generated by high energy thresholds and contributions from higher dimension operators, but their impact on the Yukawa coupling unification has not been investigated so far.
Conclusions
In this paper we have proposed a bottom-up approach to unified supergravity models which give the minimal supersymmetric standard model as the effective low energy theory. In this approach the supergravity models are parametrized in terms of a number of low energy physical parameters. The minimal model, with universal boundary conditions at the unification scale and five free mass parameters, has been studied in detail. With more than five low energy input parameters, our set of equations can be used to investigate non-minimal models, which do not assume the universal boundary conditions at M X . This will be particularly interesting once some sparticles are discovered and their masses known.
Even in the minimal model, there are several virtues of the bottom-up approach. One is that the number of free parameters is reduced to four (plus the top quark mass) since the mass M Z is known. Secondly, a systematic and complete investigation of the low energy predictions of the model can be easily performed, by scanning the space of four unknown low energy input parameters. Finally, with a suitable choice of the input parameters, our approach is most convenient for inclusion of radiative corrections generated by large Yukawa couplings and particle-sparticle mass splitting: by choosing the soft stop masses as the input parameters the dominant 1-loop radiative corrections are precisely known directly in terms of the input parameters.
The complete inclusion of radiative corrections generated by large Yukawa couplings and particle-sparticle mass splitting is the other main point of this work. They are found to have strong effects on the degree of fine tuning needed in the model and on the final results.
In the above framework, low energy phenomenology of the minimal model has been explored in some detail. In particular, we have imposed all the presently available experimental constraints on the predictions of the model and obtained complete information on those regions of the low energy physical observables which are interesting for future experimental exploration.
Due to the very rigid structure of the minimal model, both the requirement of radiative gauge symmetry breaking and the experimental constraints have strong "global" effects: they introduce a lot of correlations between different quantities predicted by the model, as discussed in the previous sections. Particularly interesting and illuminating is the dependence of the predictions on the values of the top quark mass and tan β. In this respect, our result based on numerical solutions to the RG equations show a very rich structure, which is difficult to see fully in appproximate analytic calculations. On the list of interesting results are, among others, neutralino as the lightest neutral sparticle, the gaugino content of the lightest neutralino, the lower limit for the pseudoscalar mass M A and, in general, correlations among masses (and couplings) of sparticles. The model predicts a rich sparticle spectrum to be accesible at the next generation of colliders.
In the subsequent paper [23] we calculate in the same approach the relic abundance of the lightest neutralino and impose the additional constraint Ωh 2 < 1 on the predictions of the model.
As a further extension of the present work, it will also be very interesting to explore systematically other constraints which may follow from more specific assumptions about physics at the grand unification scale, such as e.g. proton life time constraints in the supersymmetric SU(5) model [24] .
APPENDIX A
The minimization of the potential (2.10) gives
where tan β = v 2 /v 1 and
2 . The pseudoscalar mass M A reads:
The last relation holds in the approximation in which we neglect all but the dominant radiative correction, from the top-stop mass splitting, to λ 2 . Form 2 i 's we get the following relations in terms of the input parameters M A , tan β and v 2 :
1-loop corrections from the squark loops to the parameters of the potential (2.10) (calculated from Feynman diagrams in the "symmetric" phase of the model [6] ) are as follows:m
where f m 
We recall the notation:m i = m The scale Λ ≡ M SU SY has been chosen so that the term (A.8a) vanishes (see the text).
1-loop corrections to the quartic Higgs couplings are as follows:
The above equations are used in the range (M X , M SU SY ). In the range (M SU SY , M Z ) (i.e. after decoupling of squarks and gluinos we use the equations given in ref. [6] .
TABLE 1
Coefficients in Eqs. (2.15-2.17) for M SU SY = 300 GeV. The numbers in brackets are without radiative corrections (M SU SY = M Z ). 
